Microstructure, tensile properties and press formability of AZ31 Mg alloy sheets processed by unidirectional rolling, reverse rolling and cross rolling were investigated. The intensity in (0002) plane texture for the reverse-rolled and the cross-rolled specimens was lower than that for the unidirectional-rolled specimen. In addition, the Erichsen values of the formers were larger than those of the latter. The superior press formability for the formers could not be explained from the viewpoint of the elongation to failure, n-value, average r-value and planar anisotropy of the r-value, but it was related to a reduction in directional dependence of the thickness-direction strain and width-direction strain normalized by the tensile-direction strain (" t =" L and " w =" L ). Therefore, it is suggested that the minor texture formation due to reverse rolling and cross rolling gives rise to the reduction in anisotropy of strain, resulting in the superior press formability for the reverse-rolled and cross-rolled specimens.
Introduction
Magnesium alloys are currently the lightest alloys used as structural metallic alloys, and Mg products have been applied for structural uses such as automobile parts. 1) For their greater applicability, it is required to advance rolling technologies for mass production of high performance Mg alloy sheets. Critical requirements for the Mg sheets are not only high strength, but also high press formability. It is known that grain refinement gives rise to both high strength and high ductility. 2, 3) However, rolled Mg alloys often exhibit poor press formability, 4, 5) in spite of fine-grained microstructure. Because the critical resolved shear stresses for nonbasal slips are much higher than that for a basal slip near room temperature, 6) formability of Mg alloys strongly depends on a texture. For example, when a rolled Mg alloy sheet shows a strong basal texture, 7, 8) the rolled Mg alloy sheets exhibit the low press formability. 9) Mukai et al. 10) showed that ductility of AZ31 Mg alloy is increased due to a control of texture. Yukutake et al. 11) and Iwanaga et al. 12) revealed that the press formability of AZ31 alloy is strongly affected by a texture variation. Recently, it was reported that the (0002) texture intensity of a rolled AZ31 Mg alloy is reduced by a differential speed rolling, [13] [14] [15] resulting in improvement of press formability. 13) These studies suggest that the press formability of rolled Mg alloys can be improved by innovation of rolling process. Furthermore, Singh et al. 16) showed that the (0002) texture intensity of the rolled pure Mg is reduced by cross rolling.
In the previous paper, 17) we revealed that a cross-rolled AZ31 Mg alloy sheet exhibits better press formability, compared with a unidirectional-rolled sheet and that the improved press formability is attributed to a reduction in (0002) texture intensity. However, mechanisms of the improvement of press formability are still unknown.
In the present paper, texture measurement, tensile tests and Erichsen tests are conducted for AZ31 Mg alloy sheets processed by unidirectional rolling, reverse rolling or cross rolling to estimate influence of rolling routes on the press formability.
Experimental Procedure
AZ31B Mg alloy blocks with 60 Â 50 Â 6 mm were prepared with heat treatment at 673 K for 24 h. The blocks were heated at 673 K for 30 min, and they were rolled at the rolling reduction of 18% without a lubricant. In the present investigation, four rolling routes were conducted, as shown in Fig. 1 , the route 1 is unidirectional rolling, the route 2 is reverse rolling, the route 3 is cross rolling where each rolling direction changes at 90 degree clockwise and the route 4 is another cross rolling where each rolling direction changes at 90 degree alternately. These treatments were repeated nine times, and finally the sheets were rolled to 1 mm in thickness. After rolling, the rolled sheets were annealed at 673 K for 30 min.
Macroscopic flow introduced during rolling was observed by the distortion of a slit with a width of 0.3 mm and a length of 7 mm. The slit was introduced into the specimen before rolling along the transverse direction (TD), as shown in Fig. 1 .
Microstructure of the rolled Mg alloy sheets was investigated by optical microscopy. Also, the (0002) pole figure of the rolled Mg alloy sheets was investigated by the Schulz reflection method. The rolled specimens mechanically grounded to a thickness of 0.5 mm were used to measure the pole figure at the center through a thickness.
The circular blank with a diameter of 60 mm were machined from the rolled Mg alloy sheets. The Erichsen tests using a hemispherical punch with a diameter of 20 mm were carried out at 433-513 K to investigate press formability of the rolled Mg alloy sheets, and the Erichsen value, which was defined as a punch stroke at fracture initiation, was measured. The punch speed was 5 mm/min, and the blank-holder force was 10 kN. The graphite grease was used as a lubricant agent.
Tensile specimens with 10 mm in gage length, 5 mm in gage width and 1 mm in gage thickness were machined from the rolled sheets. Tensile tests were carried out at 433 and 493 K, where the angle between the tensile direction and the rolling direction was 0, 45 and 90 degrees. Also, additional tensile tests were conducted at 433 and 493 K to investigate the Lankford value (r-value). By using micrometer, the thickness-direction strain and width-direction strain were measured for the r-value using the specimens deformed to a true tensile-direction strain of 9%.
Results
The cross sections with a slit in the specimens rolled by various routes are shown in Fig. 2 , where the rolling direction (RD)-normal direction (ND) plane is observed. The inclination of a slit depended on the rolling route. Namely, the inclination of a slit in the route 1 specimen largely increased with a distance from the center. However, the inclination of a slit in the other specimens was smaller than that in the route 1 specimen. Especially, the inclination of a slit in the route 2 and route 3 specimens was negligible. It is evident that the cross rolling affects the plastic flow during rolling.
Microstructures of RD-TD plane of the rolled specimens are shown in Fig. 3 . The average grain size of RD-TD plane, TD-ND plane and ND-RD plane was 15.6 mm for the route 1 specimen, 16.0 mm for the route 2 specimen, 15.0 mm for the route 3 specimen and 18.0 mm for the route 4 specimen, respectively. Thus, the grain size was hardly affected by the rolling route. Figure 4 shows the (0002) plane texture in the rolled specimens. Splitting of the (0002) plane texture along to the rolling direction was observed in all the specimens. The double-peak texture of (0002) plane has been reported in the other studies. 18, 19) It is noted that the texture intensities of the route 2, route 3 and route 4 specimens were weaker than that of the route 1 specimen, and in particular, the texture intensities of the route 3 and route 4 specimens were approximately half of that of the route 1 specimen. The fact that the route 2, route 3 and route 4 specimens showed lower texture intensities than the route 1 specimen is probably related to the deference in plastic flow during rolling, as shown in Fig. 2 .
The results of Erichsen tests at 433-513 K are summarized in Fig. 5 . It is found from Fig. 5 that the route 2, route 3 and route 4 specimens exhibited the larger Erichsen values at all the testing temperatures than the route 1 specimen. In particular, the Erichsen values at 493 K for the route 2, route 3 and route 4 specimens were larger by a factor of 1.6 than that for the route 1 specimen. As shown in Fig. 4 , the intensities in (0002) plane texture for the route 2, route 3 and route 4 specimens were lower than that for the route 1 specimen. Therefore, it is suggested that the improvement of press formability by reverse rolling and cross rolling is related to the lower intensity in (0002) plane texture.
The top view of the route 1 and route 3 specimens after the Erichsen tests at 433, 453 and 493 K is shown in Fig. 6 . Crack occurred parallel to the rolling direction at all the testing temperatures for the route 1 specimen, while the surface crack was not always observed parallel to the rolling direction for the route 3 specimen. This indicates that a reduction in texture intensity strongly affects an isotropic plastic flow during press forming.
The 0.2% yield stress and elongation to failure by tensile tests for the route 1 and route 3 specimens are shown in Fig. 7 , where is the angle between rolling direction and tensile direction. The route 1 specimen showed the larger dependence of 0.2% yield stress, compared with the route 3 specimen. The large dependence of yield stress for the unidirectional-rolled Mg alloy has been reported in the other studies. 11, 20) The large dependence of yield stress is due to spread of (0002) plane texture to the rolling direction. 20) On the other hand, a difference in elongation to failure between the route 1 specimen and the route 3 specimen was rather small or negligible at both testing temperatures. The same trend was found in the route 2 and route 4 specimens. It should be noted that the superior press formability for the cross-rolled and reverse-rolled specimens cannot be explained from the data of elongation to failure.
Discussion
It is known that press formability of metal sheets is strongly affected by the strain hardening exponent (n40µm 40µm 40µm 40µm
Route1 Route2
Route3 Route4 value) 21) and the Lankford value (r-value). [22] [23] [24] [25] Hence, it is worthwhile to investigate anisotropy of the n-value and the r-value for the rolled Mg specimens. Figure 8 shows the calculated n-values by using results of Fig. 7 , where is the angle between rolling direction and tensile direction. From  Fig. 8 , it was difficult to find clear difference in n-value between the route 1 specimen and the route 3 specimen.
The r-value (r), average r-value ( " r r) and planar anisotropy of r-value (Ár) are given by 22) r where " w is the true width-direction strain, " t is the true thickness-direction strain, r 0 , r 45 and r 90 is the r-value in which the angle between the rolling direction and the tensile direction is 0, 45 and 90 degrees, respectively. The average r-value at 433 K for the rolled specimens is shown in Fig. 9 and the planar anisotropy of r-value at 433 K for the rolled specimens are shown in Fig. 10 , respectively. It is noted that there is minor difference in the average r-value in the rolled specimens, and the planar anisotropy of the route 2 specimen is almost the same value with that of the route 1 specimen. It is reported 22, 23) that texture development of a rolled Al alloy is suppressed by shear rolling such as single-roll drive rolling, and a shear-rolled Al alloy specimen shows a larger average and a lower planar anisotropy of r-value, compared with a unidirectional-rolled Al alloy specimen, resulting in the high press formability. Also, it is shown that a steel sheet with a low planar anisotropy of r-value exhibits a small earing during deep drowning. 25) In the present research, however, the differences in the average r-value and the planer anisotropy were almost negligible in the Mg alloy sheets processed by the various rolling route. Thus, the press formability in the rolled Mg alloy sheets cannot be explained from the viewpoint of the average r-value and the planar anisotropy of r-value, contrast to the Al and steel sheets. Figures 11(a)&(b) shows the directional dependence of the thickness-direction strain normalized by the tensile-direction strain (" t =" L ) and width-direction strain normalized by the tensile-direction strain (" w =" L ) at 433 K for the rolled specimens, where " t0 =" L0 , " t45 =" L45 and " t90 =" L90 is the thickness-direction strain normalized by the tensile-direction strain where the angle between the rolling direction and the tensile direction is 0, 45 and 90 deg, and " w0 =" L0 , " w45 =" L45 and " w90 =" L90 is the width-direction strain normalized by the tensile-direction strain where the angle between the rolling direction and the tensile direction is 0, 45 and 90 deg, respectively. It is of interest to note that the direction dependence in " t =" L and " w =" L for the route 1 specimen is larger than those for the other specimens. When a sheet with the large anisotropy of strain is deformed in biaxial tensile stress field, large local deformation in three dimensions is necessary for continuity of strain. However, it is difficult to obtain large local deformation in three dimensions for Mg because there is large difference in critical shear stress between the basal plane slip and the non-basal plane slip. Therefore, the large anisotropy in " t and " w is likely to be responsible for the poor press formability for the route 1 specimen. Inspection of Figs. 11(a)&(b) reveals the anisotropy in " w =" L for the route 1 specimen is significantly larger than those for the other specimens, in particular, " w =" L at 0 degree for the route 1 specimen is the lowest. As shown in Fig. 6 , crack occurred parallel to the rolling direction for the route 1 specimen. This fracture mode is probably attributed to the low width-direction strain at 0 degree for the route 1 specimen.
Figures 11(c)&(d) shows the directional dependence of the thickness-direction strain normalized by the tensile-direction strain (" t =" L ) and the width-direction strain normalized by the tensile-direction strain (" w =" L ) at 493 K for the route 1 and route 3 specimens. The variation in " t =" L and " w =" L at 493 K is smaller than that in " t =" L and " w =" L at 433 K. As shown in Fig. 5 , the Erichsen value at 493 K for the route 3 specimen was larger by a factor of 1.6 than that for the route 1 specimen. This suggests that the variation in " t =" L and " w =" L strongly affects the press formability of the rolled Mg sheets.
The reason for low anisotropy in " t =" L and " t =" L of the reverse-rolled and cross-rolled specimens is an open research question, but should be related to low texture intensity of the (0002) plane as shown in Fig. 4 , which should promote homogeneous deformation of the rolled Mg alloys. Further research is needed for quantitative understanding of the relationship between the texture and the thickness-direction and the width-direction strain. Anyway, it is conclusively demonstrated that reverse rolling and cross rolling is effective to improve the press formability of the rolled Mg alloy sheets because anisotropy in " t =" L and " t =" L is reduced due to the minor texture formation.
Conclusions
Unidirectional rolling, reverse rolling and cross rolling were carried out on AZ31 Mg alloy, and the microstructure, press formability and mechanical properties of the rolled Mg alloy sheets were investigated at 433-513 K. The results are concluded as follows.
(1) The intensities in (0002) plane texture for the specimens processed by reverse rolling and cross rolling were lower than that for the specimen processed by the unidirectional rolling. This is related to a deference of plastic flow during rolling. (2) As a result of the Erichsen tests, the specimens processed by reverse and cross rolling exhibited higher press formability than the specimen processed by the unidirectional rolling. (3) Differences in elongation to failure and strain hardening exponent between the unidirectional-rolled and crossrolled specimens were negligible. In addition, differences in average r-value and planer anisotropy of rvalue between them were small. Therefore, the press formability in the rolled Mg alloy sheets could not be explained from the viewpoint of the elongation to failure, strain hardening exponent, average r-value and planar anisotropy of the r-value. (4) The anisotropy in thickness-direction strain normalized by tensile-direction strain and width-direction strain normalized by tensile-direction strain was large for the unidirectional-rolled specimen. This is likely to be responsible for the poor press formability for the unidirectional-rolled specimen. (5) Therefore, it is suggested that the minor texture formation for the reverse-rolled and cross-rolled specimens gives rise to a reduction in anisotropy of strain, resulting in the superior press formability. 
